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We derived the conditions on certain combinations of integrals of the fragmentation functions of pion 
using HERMES data for the sum of the charged pion multiplicities from semi-inclusive deep-inelastic 
scattering (SIDIS) off the deuteron target. In our derivation the nucleon parton distribution functions 
(PDFs) are assumed to be isospin SU(2) symmetric. Similar conditions have also been obtained for the 
fragmentation functions (FFs) of kaon by the sum of charged kaon multiplicities as well. We have chosen 
several FFs to study the impact of those conditions we have derived. Among those FFs, we ﬁnd that 
the fragmentation functions produced by the nonlocal chiral-quark model (NLχQM) constantly satisfy 
the conditions. Furthermore, the ratios of the strange PDFs S(x, Q 2) and the non-strange PDFs Q (x, Q 2)
extracted from the charged pion and kaon multiplicities differ from each other signiﬁcantly. Finally, we 
demonstrate that the HERMES pion multiplicity data are unlikely to be compatible with two widely-used 
PDFs, namely CTEQ6L and leading order NNPDF3.0.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
Semi-inclusive deep-inelastic scattering, l + N → l + h + X (SIDIS) plays an important role in the study of the fragmentation functions 
(FFs). In particular it provides valuable information about the ﬂavour dependence of fragmentation functions which cannot be obtained 
from e+e− annihilation data. According to the leading order (LO) QCD calculation, the sum of the charged pion (π ) multiplicities of SIDIS 
off a deuteron (D) target, which is denoted by MπD (x, Q
2), is given by
MπD (x, Q
2) ≡ Mπ+D (x, Q 2) + Mπ
−
D (x, Q
2) = dN
π (x, Q 2)
dNDIS(x, Q 2)
=
∑
q e
2
q
[
qp(x, Q 2) + q¯p(x, Q 2) + qn(x, Q 2) + q¯n(x, Q 2)] ∫ zmaxzmin Dπq (z, Q 2)dz∑
q e
2
q
[
qp(x, Q 2) + q¯p(x, Q 2) + qn(x, Q 2) + q¯n(x, Q 2)] . (1)
Here q = (u, d, s) and eq are the considered quarks and the corresponding charges, respectively. In addition, qi(x, Q 2) with i ∈ {p, n} are 
the relevant nucleon parton distribution functions (PDFs) with momentum fraction x and momentum transferred squared Q 2. Notice the 
superscripts p and n denote proton and neutron. The z is the momentum fraction of the initial quark in the fragmented hadron. zmax and 
zmin are usually set by the experimental acceptance. Finally Dπq in Eq. (1) is deﬁned in terms of FFs as well and takes the following form
Dπq (z, Q
2) = Dπ+q (z, Q 2) + Dπ
−
q (z, Q
2). (2)
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Dπ
+
q (z, Q
2) = Dπ−q¯ (z, Q 2), Dπ
−
q (z, Q
2) = Dπ+q¯ (z, Q 2), (3)
since π+ → π− and q → q¯ under the charge conjugation.
Furthermore, if we assume that the parton distribution functions (PDFs) are exactly SU(2) isospin symmetric, we have
up(x, Q 2) = dn(x, Q 2), dp(x, Q 2) = un(x, Q 2), sp(x, Q 2) = sn(x, Q 2),
u¯p(x, Q 2) = d¯n(x, Q 2), d¯p(x, Q 2) = u¯n(x, Q 2), s¯p(x, Q 2) = sn(x, Q 2). (4)
Inserting Eq. (4) into Eq. (1) leads to the following formula
MπD (x, Q
2) = Mπ+D (x, Q 2) + Mπ
−
D (x, Q
2) = dN
π (x, Q 2)
dNDIS(x, Q 2)
= Q (x, Q
2)DπQ (Q
2) + S(x, Q 2)DπS (Q 2)
5Q (x, Q 2) + 2S(x, Q 2) . (5)
Here, we deﬁne S(x, Q 2) = sp(x, Q 2) + s¯p(x, Q 2) and Q (x) = up(x, Q 2) + dp(x, Q 2) + u¯p(x, Q 2) + d¯p(x, Q 2). DπQ (Q 2) and DπS (Q 2) are 
also given as follows:
DπQ (Q
2) = 4
zmax∫
zmin
Dπ
+
u (z, Q
2)dz +
zmax∫
zmin
Dπ
+
d (z, Q
2)dz + 4
zmax∫
zmin
Dπ
−
u (z, Q
2)dz +
zmax∫
zmin
Dπ
−
d (z, Q
2)dz
= 4Dπ+u (Q 2) + Dπ
+
d (Q
2) + 4Dπ−u (Q 2) + Dπ
−
d (Q
2),
DπS (Q
2) = 2
zmax∫
zmin
Dπ
+
s (z, Q
2)dz + 2
zmax∫
zmin
Dπ
−
s (z, Q
2)dz = 2Dπ+s (Q 2) + 2Dπ
−
s (Q
2). (6)
Note that the FFs of u → π+ and d → π− are favoured ones, indicating that the quark fragments into the hadron, whose constituent 
content has the same ﬂavour. The favoured FFs are supposed to be much larger than the unfavoured ones. Hence, one concludes that the 
magnitudes of DπQ (Q
2) should be larger than those of DπS (Q
2) at the same Q 2 value.
A similar relation for the kaon multiplicity of SIDIS off deuteron can be derived as follows:
MKD (x, Q
2) ≡ MK+D (x, Q 2) + MK
−
D (x, Q
2) = dN
K (x, Q 2)
dNSIDIS(x, Q 2)
= Q (x, Q
2)DKQ (Q
2) + S(x, Q 2)DKS (Q 2)
5Q (x, Q 2) + 2S(x, Q 2) , (7)
where DKQ (Q
2) and DKS (Q
2) are deﬁned by
DKQ (Q
2) = 4
zmax∫
zmin
DK
+
u (z, Q
2)dz +
zmax∫
zmin
DK
+
d (z, Q
2)dz + 4
zmax∫
zmin
DK
−
u (z, Q
2)dz +
zmax∫
zmin
DK
−
d (z, Q
2)dz.
= 4DK+u (Q 2) + DK
+
d (Q
2) + 4DK−u (Q 2) + DK
−
d (Q
2),
DKS (Q
2) = 2
zmax∫
zmin
DK
+
s (z, Q
2)dz + 2
zmax∫
zmin
DK
−
s (z, Q
2)dz
= 2DK+s (Q 2) + 2DK
−
s (Q
2). (8)
Among the FFs appearing in Eq. (8), only those of u → K+ and s → K− are favoured ones. Therefore, unlike the pion case, DKQ (Q 2) is not 
necessarily larger than DKS (Q
2). There are attempts to extract the strange-quark PDF from the data of MKD (x, Q
2) by using Eq. (7), but not 
without controversy [1–3]. We will comment on this issue later.
In this article we analyze the data of HERMES pion and kaon multiplicities [1,4,5] according to Eqs. (5) and (7). In Section 2 we use 
Eq. (5) to derive the conditions of constraints on DπQ (Q
2) and DπS (Q
2). Furthermore, in the same section we examine whether these 
derived constraints are satisﬁed by the FFs resulting from several parametrizations and models. We repeat the same analysis for the 
kaon case by using Eq. (7) in section 3. In Section 4 we discuss the inconsistency between S(x, Q 2)/Q (x, Q 2) extracted from the pion 
multiplicities and kaon multiplicities. After section 4, we choose certain parametrizations of PDFs to determine the corresponding values 
of DπQ and D
π
S , assuming that they are not sensitive to Q
2. Finally we summarize our results and make our conclusions in Section 6.
2. The conditions on the fragmentation functions of charged pions
In this section we will derive the condition on the integrals of the FFs, DπQ (Q
2) and DπS (Q
2). Let us rewrite Eq. (5) into the following 
form:
S(x, Q 2) =
[
5MπD (x, Q
2) − DπQ (Q 2)
Dπ (Q 2) − 2Mπ (x, Q 2)
]
Q (x, Q 2). (9)S D
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HERMES data of the pion and kaon multiplicities off the deuteron target (Mπ,KD ) at different x and Q
2 values [1].
Data 〈x〉 〈Q 2〉(GeV2) MπD MπD MKD MKD
A 0.033 1.19 0.800 0.00283 0.132 0.00141
B 0.044 1.34 0.777 0.00361 0.126 0.00141
C 0.069 1.59 0.745 0.00283 0.119 0.00141
D 0.087 1.73 0.717 0.00141 0.107 0.00100
E 0.112 2.05 0.697 0.00283 0.104 0.00141
F 0.187 3.63 0.676 0.00283 0.103 0.00141
G 0.253 5.19 0.675 0.00361 0.103 0.00141
H 0.340 7.48 0.694 0.00640 0.111 0.00361
J 0.451 10.23 0.709 0.01345 0.113 0.00721
Table 2
Various fragmentation functions chosen in this article. See the text for details.
Number FF Order Category Reference
1 HKNS LO Parametrization [6]
2 HKNS NLO Parametrization [6]
3 DSS LO Parametrization [8]
4 DSS NLO Parametrization [8]
5 NJL-Jet − Model [11,12]
6 NLχQM − Model [13–15]
7 AKK08 NLO Parametrization [7]
8 SKMA LO Parametrization [9]
9 DSEHS NLO Parametrization [10]
Table 3
The integrated FFs over z for each channel at Q 2 = 1.19 GeV2 and 10.23 GeV2. The integration range is from zmin = 0.2 to zmax = 0.8.
Parametrization and model 〈Q 2〉(GeV2) Dπ+u Dπ+d Dπ
−
u D
π−
d D
π
Q D
π+
s D
π−
s D
π
S
HKNS(LO) 1.19 0.80 0.35 0.35 0.80 5.76 0.35 0.35 1.40
HKNS(LO) 10.23 0.62 0.25 0.25 0.62 4.35 0.25 0.25 1.00
HKNS(NLO) 1.19 0.64 0.21 0.21 0.64 4.23 0.21 0.21 0.83
HKNS(NLO) 10.23 0.52 0.19 0.19 0.52 3.53 0.19 0.19 0.74
DSS(LO) 1.19 0.47 0.20 0.20 0.53 3.38 0.17 0.17 0.67
DSS(LO) 10.23 0.44 0.23 0.23 0.49 3.41 0.21 0.21 0.82
DSS(NLO) 1.19 0.45 0.20 0.20 0.51 3.31 0.17 0.17 0.67
DSS(NLO) 10.23 0.41 0.20 0.20 0.46 3.12 0.18 0.18 0.74
NJL-Jet 1.19 0.46 0.12 0.12 0.45 2.83 0.08 0.08 0.32
NJL-Jet 10.23 0.38 0.10 0.10 0.38 2.38 0.07 0.07 0.28
NLχQM 1.19 0.68 0.22 0.22 0.68 4.50 0.07 0.07 0.28
NLχQM 10.23 0.54 0.16 0.16 0.55 3.53 0.05 0.05 0.21
AKK08 1.19 0.26 0.25 0.25 0.26 2.51 0.02 0.02 0.07
AKK08 10.23 0.33 0.31 0.31 0.33 3.19 0.11 0.11 0.45
SKMA 1.19 0.70 0.36 0.36 0.70 5.34 0.36 0.36 1.43
SKMA 10.23 0.55 0.25 0.25 0.55 3.98 0.25 0.25 1.00
DSEHS 1.19 0.47 0.24 0.24 0.47 3.55 0.30 0.30 1.21
DSEHS 10.23 0.39 0.21 0.21 0.39 2.97 0.24 0.24 0.97
It is obvious that the following relations must be true since both of S(x, Q 2) and Q (x, Q 2) must be positive,
DπS (Q
2)
2
< MπD (x, Q
2) ≤ D
π
Q (Q
2)
5
or
DπQ (Q
2)
5
≤ MπD (x, Q 2) <
DπS (Q
2)
2
. (10)
In other words, DπQ (Q
2) and DπS (Q
2) must satisfy the following relations:
DπQ (Q
2) ≥ 5MπD (x, Q 2), DπS (Q 2) < 2MπD (x, Q 2) or DπQ (Q 2) ≤ 5MπD (x, Q 2), DπS (Q 2) > 2MπD (x, Q 2). (11)
Note that these conditions are independent of the explicit forms of PDFs, S(x, Q 2) and Q (x, Q 2).
The experimental results for the charged pion multiplicity MπD reported by HERMES [1] are listed in Table 1. In particular, we have 
assigned an alphabetic character to each data point. Furthermore, in Table 1 the related integral limits are zmin = 0.2 and zmax = 0.8. 
The parametrization and models of FFs chosen in our study are listed in Table 2. Each FF of the considered parametrization or model 
is assigned a number (1 ∼ 9) for convenience. We have determined the corresponding DπQ (Q 2) and DπS (Q 2), and the results are listed 
in Table 3. Since our analysis is based on the LO QCD formula, in principle one should choose only the LO parametrizations of FFs. 
Nevertheless we still consider several NLO parametrizations for comparison.
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2) and DπS (Q
2) deﬁned in Eq. (6) from various fragmentation functions: HKNS parametrization at LO (1) [6], HKNS parametrization at NLO (2) [6], 
DSS parametrization at LO (3) [8], DSS parametrization at NLO (4) [8], NJL-Jet model (5) [11,12], nonlocal chiral-quark model (6) [13–15], AKK08 parametrization (7) [7], 
SKMA parametrization (8) [9], and DSEHS parametrization (9) [10]. The yellow blocks represent the allowed regions experimentally. The grey bands stand for the areas 
corresponding to the estimated uncertainties of MπD . (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this 
article.)
Notice that each data point in Table 1 is taken at different x and Q 2 values. Hence to examine whether the condition Eq. (11) is satisﬁed 
or not, we have carried out the analysis at every data point separately. The numerical results are presented in Fig. 1. The yellow block 
at r.h.s represents the allowed region satisfying DπQ (Q
2) ≥ 5MπD (x, Q 2) and DπS (Q 2) < 2MπD (x, Q 2), whereas the one at l.h.s. denotes the 
allowed region for DπQ (Q
2) ≤ 5MπD (x, Q 2) and DπS (Q 2) > 2MπD (x, Q 2). In principle the values of DπQ (Q 2) and DπS (Q 2) should be within 
either block. The values of DπQ (Q
2) and DπS (Q
2) of each parametrization and model are presented in Fig. 1.
We observe that only the Hirai–Kumano–Nagai–Sudoh (HKNS) parametrization for LO (1) and NLO (2) [6], LO Soleymaninia–
Khorramian–Moosavinejad–Arbabifar (SKMA) parametrization [9], and NLχQM (6) strictly satisfy Eq. (11) at every data point. They are all 
located inside the r.h.s. block. Actually at data point (J), the values of the NLO de Florian–Sassot–Stratmann (DSS) parametrization (4) [8]
and NLχQM (6) both locate at the left brink of the r.h.s. block. It means that their values of DπQ (Q
2) are very close to 5MπD , as a result the 
corresponding S(x, Q 2)/Q (x, Q 2) become small according to Eq. (9). On the other hand, the values of the LO HKNS parametrization (1) 
and LO SKMA parametrization at low-x region are near the top edge of the r.h.s. block, indicating that their values of DπS (Q
2) are very 
close to 2MπD (x, Q
2). Therefore, the corresponding S(x, Q 2)/Q (x, Q 2) become huge. We also notice that the values of DπQ (Q
2) from LO 
HKNS parametrization (1) are particularly large.
The DSS (LO) parametrization values are always close to the left brink of the r.h.s block except at data points (A), (B) and (C). As 
a matter of fact, the DSS (LO) parametrization points locate inside the allowed region at data points (E), (F), (G) and (H). The DSS 
(NLO) parametrization points are also near the edge of the allowed region at data points (D), (E), (F) and (G), but they always remain 
outside the r.h.s. block. Besides, we notice that the NJL-Jet model (5), the de Florian–Sassot–Epele–Hernánderz-Pinto–Stratmann (DSEHS, 9) 
and Albino–Kniehl–Kramer 08 (AKK08, 7) [7] parametrizations fail to meet the requirement of Eq. (11) at all data points. Hence the 
corresponding values of S(x, Q 2)/Q (x, Q 2) are always negative. However the situation will be changed when the uncertainty of each 
fragmentation function is taken into account. In particular, we note that the points of AKK08 (7) are near the brink of the allowed region 
at data points (F), (G) and (H), and DSEHS points (9) are quite close to the boundary of the allowed region at the data points: (C), (D), (E), 
(F) and (G). We will discuss this issue later.
Since the value of DπQ (Q
2) is a combination of the integrals of four FFs, it is instructive to investigate the individual contribution 
of each FF. The results are listed in Table 3. Among the four FFs contributing to DπQ (Q
2), Dπ
+
u (Q
2), and Dπ
−
d (Q
2) are obviously the 
dominant ones, because both of them are favoured pion FFs. The FFs satisfying our condition Eq. (11) all give quite large values of Dπ
+
u
and Dπ
−
(≥ 0.5). On the contrary, the FFs which fail to meet the requirement of Eq. (11) all result in smaller Dπ+u and Dπ− (< 0.5).d d
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The values of DπQ with the uncertainty of HKNS (LO and NLO), DSS (LO and NLO) and DSEHS parametrizations are presented here.
Data HKNS(LO) HKNS(NLO) DSS(LO) DSS(NLO) DSEHS 5MπD
A 5.763± 1.554 4.233± 1.198 3.385± 0.251 3.319± 0.244 3.546± 0.328 4.000± 0.015
B 5.627± 1.513 4.194± 1.199 3.426± 0.252 3.339± 0.244 3.505± 0.325 3.885± 0.020
C 5.509± 1.447 4.150± 1.195 3.453± 0.253 3.345± 0.244 3.465± 0.321 3.725± 0.015
D 5.443± 1.458 4.122± 1.190 3.462± 0.253 3.343± 0.243 3.440± 0.318 3.585± 0.005
E 5.307± 1.417 4.064± 1.181 3.482± 0.253 3.339± 0.242 3.390± 0.314 3.485± 0.015
F 4.918± 1.301 3.870± 1.138 3.502± 0.249 3.293± 0.237 3.273± 0.299 3.380± 0.015
G 4.705± 1.239 3.752± 1.108 3.483± 0.240 3.242± 0.232 3.138± 0.290 3.375± 0.020
H 4.510± 1.182 3.635± 1.076 3.449± 0.240 3.181± 0.227 3.046± 0.281 3.470± 0.030
J 4.357± 1.135 3.539± 1.050 3.413± 0.243 3.125± 0.223 2.970± 0.274 3.545± 0.065
Table 5
The values of DπS with the uncertainty of HKNS (LO and NLO), DSS (LO and NLO) and DSEHS parametrizations are presented here.
Data HKNS(LO) HKNS(NLO) DSS(LO) DSS(NLO) DSEHS 2MπD
A 1.398± 0.919 0.826± 0.688 0.672± 0.050 0.668± 0.050 1.210± 0.207 1.600± 0.006
B 1.359± 0.893 0.832± 0.693 0.701± 0.052 0.690± 0.051 1.191± 0.204 1.554± 0.008
C 1.325± 0.871 0.833± 0.694 0.724± 0.054 0.705± 0.052 1.172± 0.201 1.490± 0.006
D 1.307± 0.858 0.832± 0.693 0.734± 0.054 0.711± 0.053 1.162± 0.199 1.434± 0.002
E 1.268± 0.833 0.828± 0.690 0.755± 0.056 0.723± 0.054 1.140± 0.195 1.394± 0.006
F 1.158± 0.761 0.804± 0.669 0.802± 0.060 0.745± 0.055 1.075± 0.184 1.352± 0.006
G 1.099± 0.722 0.784± 0.653 0.816± 0.061 0.746± 0.055 1.037± 0.177 1.350± 0.008
H 1.045± 0.686 0.763± 0.635 0.823± 0.061 0.742± 0.055 1.001± 0.171 1.308± 0.012
J 1.003± 0.659 0.744± 0.620 0.824± 0.061 0.735± 0.055 0.971± 0.166 1.418± 0.026
Note that the situation of DπS (Q
2) is completely different. The NJL-Jet model, NLχQM, and AKK08 parametrization all lead to very small 
values of DπS (Q
2) when compared with other FFs. The NJL-Jet model and AKK08 parametrization both, however, violate our conditions, 
but NLχQM meets the requirement of Eq. (11). The reason is that the values for DπQ (Q
2) of NLχQM are substantially larger than the other 
two. This implies that the value of DπQ (Q
2) plays a more important role to meet the criterion. We would like to emphasize that although 
both the NJL-Jet model and NLχQM are chiral models with the same coupled-channel jet algorithm, the results of the two models are 
signiﬁcantly different. In particular, while the NLJ-Jet model violates the constraints at all data points, NLχQM meets the requirement of 
these constraints. In both models the corresponding model scales Q 20 are determined by ﬁtting one of the FFs, usually, D
π+
u (z, Q
2). One 
is able to obtain the FFs at arbitrary Q 2 by applying the QCD evolution. Here we use QCDNUM17 [16,17].
So far our analysis has not included the uncertainties of the fragmentation functions. From [6,10,18] we determine the uncertainties 
of DπQ (Q
2) and DπS (Q
2) of HKNS parametrizations (LO and NLO), DSS parametrization (LO and NLO) and DSEHS parametrization. The 
results are listed in Table 4 and Table 5 respectively. We ﬁnd that DSS LO values will satisfy the conditions at every data point except 
(A), (B) and (C) if the uncertainty of DπQ (Q
2) is included. For the DSS NLO parametrization, it will meet the requirement at (D), (E), (F) 
and (G) if the uncertainty of DπQ is included. Similarly, DSEHS values will satisfy the constraints at every data points except (A), (H) and 
(J) if the uncertainty of DπQ is taken into account. On the contrary, although HKNS values, LO and NLO, are all within the allowed region, 
their uncertainties are very large. Hence the extracted S(x, Q 2)/Q (x, Q 2) with HKNS parametrizations from MπD have large uncertainties 
as demonstrated in Fig. 5.
3. The constraint on the fragmentation functions of charged kaons
In this section, we apply the same analysis to the kaon multiplicity. Again we rewrite Eq. (7) as follows:
S(x, Q 2) =
[
5MKD (x, Q
2) − DKQ (Q 2)
DKS (Q
2) − 2MKD (x, Q 2)
]
Q (x, Q 2). (12)
Furthermore, similar to the pion case, we require that the following relations to hold, considering the positiveness of PDFs:
DKS (Q
2)
2
< MKD (x, Q
2) ≤ D
K
Q (Q
2)
5
or
DKQ (Q
2)
5
≤ MKD (x, Q 2) <
DKS (Q
2)
2
. (13)
We present the results of DKQ (Q
2) and DKS (Q
2) in Fig. 2 The yellow block at r.h.s represents the region satisfying DKQ (Q
2) ≥
5MKD (x, Q
2) and DKS (Q
2) < 2MKD (x, Q
2). The l.h.s. block denotes the area for DKQ (Q
2) ≤ 5MKD (x, Q 2) and DKS (Q 2) > 2MKD (x, Q 2). The 
values of DKQ and D
K
S must be within either block otherwise the value of S(x, Q
2)/Q (x, Q 2) will turn to negative. We notice that only 
the results of LO (3) and NLO (4) DSS parametrizations and NLχQM (6) satisfy the constraints given in Eq. (13). They pass the test at all 
data points. From Fig. 2, we know the points corresponding to DSS parametrizations (3 and 4) are on the right brink of the l.h.s. block but 
the NLχQM result (6) locates deep inside the l.h.s. block. It is obvious that the value of DKQ plays crucial role here. Unless its D
K
Q (Q
2)
is smaller than 0.5, the FF would fail to make S(x, Q 2)/Q (x, Q 2) positive. We ﬁnd that DKQ (Q
2) from DSS parametrizations are slightly 
below 0.5, and DKQ from NLχQM are even smaller, around 0.2 ∼ 0.3. Although the value of DKS plays minor role with respect to the 
criterion, it will be crucial in extracting S(x, Q 2) from the MKD (x, Q
2) data. We notice that the DSS parametrizations produce relatively 
large DK (Q 2) (≥ 1.0). The values of DK (Q 2) from the other FFs are all below 1.0.S S
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2) and DKS (Q
2) deﬁned in Eq. (8) from various fragmentation functions: HKNS parametrization at LO (1) citeHKNS, HKNS parametrization at 
NLO (2) [6], DSS parametrization at LO (3) [8], DSS parametrization at NLO (4) [8], NJL-Jet model (5) [11,12], nonlocal chiral-quark model (6) [13–15], AKK08 parametrization 
(7) [7], and SKMA parametrization (8) [9]. The yellow blocks represent the allowed regions experimentally. The grey bands stand for the areas corresponding to the estimated 
uncertainties of MKD . (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 6
The integrated FFs over z for each channel at Q 2 = 1.19 GeV2 and 10.23 GeV2. The integration range is from zmin = 0.2 to zmax = 0.8.
Model 〈Q 2〉(GeV2) DK+u DK+d DK
−
u D
K−
d D
K
Q D
K+
s D
K−
s D
K
S
HKNS(LO) 1.19 0.18 0.12 0.12 0.12 1.46 0.12 0.33 0.90
HKNS(LO) 10.23 0.16 0.10 0.10 0.10 1.21 0.10 0.29 0.77
HKNS(NLO) 1.19 0.14 0.06 0.06 0.06 0.89 0.06 0.18 0.48
HKNS(NLO) 10.2355 0.14 0.07 0.07 0.07 0.98 0.07 0.18 0.51
DSS(LO) 1.19 0.10 0.01 0.01 0.01 0.43 0.01 0.70 1.41
DSS(LO) 10.23 0.09 0.02 0.02 0.02 0.44 0.02 0.55 1.13
DSS(NLO) 1.19 0.10 0.01 0.01 0.01 0.47 0.01 0.62 1.27
DSS(NLO) 10.23 0.09 0.02 0.02 0.02 0.44 0.02 0.49 1.00
NJL-JET 1.19 0.15 0.05 0.06 0.06 0.96 0.04 0.40 0.85
NJL-JET 10.23 0.13 0.05 0.05 0.05 0.82 0.04 0.32 0.72
NLχQM 1.19 0.03 0.02 0.01 0.01 0.20 0.01 0.42 0.87
NLχQM 10.23 0.03 0.02 0.02 0.02 0.33 0.01 0.39 0.81
AKK08 1.19 0.20 0.05 0.02 0.05 0.97 0.10 0.28 0.76
AKK08 10.23 0.18 0.05 0.03 0.05 0.99 0.10 0.25 0.70
SKMA 1.19 0.21 0.13 0.13 0.13 1.64 0.13 0.30 0.86
SKMA 10.23 0.18 0.09 0.09 0.09 1.27 0.09 0.26 0.71
The individual contributions of each FF are listed in Table 6. The favoured kaon fragmentation functions such as u → K+ and s → K−
are larger than the unfavoured kaon fragmentation functions as expected. We notice that, when compared with the other FFs, DK
+
u
of NLχQM and DSS parametrizations, LO and NLO, are substantially smaller. It is also worth mentioning that the DK
−
s (Q
2) of DSS 
parametrizations are particularly large. Our observation is that the conditions derived here seem to prefer the FFs with large DπQ (Q
2)
but small DKQ (Q
2). In other words, our analysis shows that within the LO QCD calculations, the HERMES data suggest that K− mesons are 
preferentially fragmented from s quark rather than u¯ quark, and K+ from s¯ quark rather than u quark. That is, most of the kaons should 
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The values of DKQ with the uncertainty of HKNS (LO and NLO), DSS (LO and NLO) parametrizations are presented here.
Data HKNS(LO) HKNS(NLO) DSS(LO) DSS(NLO) 5MKD
A 1.463± 2.300 0.894± 0.792 0.434± 0.074 0.469± 0.080 0.660± 0.005
B 1.439± 2.256 0.914± 0.805 0.438± 0.075 0.468± 0.080 0.630± 0.005
C 1.419± 2.218 0.928± 0.815 0.440± 0.075 0.467± 0.080 0.595± 0.005
D 1.407± 2.197 0.934± 0.819 0.441± 0.075 0.466± 0.080 0.535± 0.005
E 1.383± 2.153 0.948± 0.828 0.443± 0.076 0.464± 0.080 0.520± 0.005
F 1.313± 2.208 0.974± 0.845 0.446± 0.077 0.458± 0.080 0.512± 0.005
G 1.274± 1.959 0.982± 0.849 0.446± 0.078 0.453± 0.079 0.515± 0.005
H 1.237± 1.896 0.985± 0.849 0.445± 0.078 0.447± 0.079 0.555± 0.020
J 1.207± 1.845 0.984± 0.847 0.442± 0.078 0.442± 0.078 0.565± 0.035
Table 8
The values of DKS with the uncertainty of HKNS (LO and NLO), DSS (LO and NLO) parametrizations are presented here.
Data HKNS(LO) HKNS(NLO) DSS(LO) DSS(NLO) 2MKD
A 0.902± 1.077 0.477± 0.263 1.414± 0.259 1.267± 0.230 0.264± 0.002
B 0.891± 1.056 0.486± 0.269 1.389± 0.254 1.242± 0.226 0.252± 0.002
C 0.880± 1.038 0.492± 0.274 1.367± 0.249 1.219± 0.221 0.238± 0.002
D 0.874± 1.028 0.495± 0.277 1.354± 0.247 1.207± 0.219 0.214± 0.002
E 0.863± 1.008 0.501± 0.282 1.329± 0.242 1.182± 0.215 0.208± 0.002
F 0.826± 0.949 0.511± 0.292 1.252± 0.228 1.108± 0.201 0.206± 0.002
G 0.805± 0.916 0.514± 0.295 1.210± 0.220 1.069± 0.193 0.206± 0.002
H 0.785± 0.886 0.514± 0.297 1.170± 0.212 1.033± 0.187 0.222± 0.008
J 0.769± 0.862 0.513± 0.298 1.139± 0.206 1.004± 0.181 0.226± 0.014
be fragmented from the quarks with strangeness. However we have to emphasize that this observation is only qualitative and within the 
LO QCD analysis.
The above analysis does not include the uncertainty of each fragmentation function. To include the effect of the uncertainty, one has to 
determine the uncertainties of DKQ (Q
2) and DKS (Q
2) of HKNS parametrizations (LO and NLO), DSS parametrization (LO and NLO) from [6]
and [18] and present them in Table 7 and Table 8 respectively. We ﬁnd that the uncertainty of the HKNS LO parametrization is enormous. 
Actually, the uncertainties of DKQ and D
K
S are all larger than the central values. Such a large uncertainty is due to the extraordinarily large 
uncertainties of the unfavoured kaon FFs. The uncertainty of the HKNS NLO parametrization is also very large. Consequently, although the 
HKNS parametrizations, LO and NLO, satisfy the conditions we have derived when the uncertainty of DKQ (Q
2) and DKS (Q
2) are considered, 
however, it does not make sense to extract S(x, Q 2)/Q (x, Q 2) from MKD (x, Q
2) using the HKNS parametrizations. We will discuss this 
issue in the next section.
4. Relations between the charged kaon and pion multiplicities
In this section, we address the issue of consistency between the charged pion and kaon multiplicities. From Eqs. (9) and (12), one 
obtains
S(x, Q 2)
Q (x, Q 2)
= 5M
π
D (x, Q
2) − DπQ (Q 2)
DπS (Q
2) − 2MπD (x, Q 2)
= 5M
K
D (x, Q
2) − DKQ (Q 2)
DKS (Q
2) − 2MKD (x, Q 2)
. (14)
Hence, one can determine S(x, Q 2)/Q (x, Q 2) from DπQ (Q
2), DπS (Q
2), and MπD (x)(x, Q
2). It is also possible to employ DKQ (Q
2), DKS (Q
2), 
and MKD (x, Q
2) to decide the values of S(x, Q 2)/Q (x, Q 2). Naturally, the two results should be consistent. Therefore, once the values of 
Dπ,KQ (Q
2) and Dπ,KS (Q
2) are known, Eq. (14) becomes a relation between MπD (x, Q
2) and MKD (x, Q
2).
Furthermore, one can directly obtain S(x, Q 2)/Q (x, Q 2) from available LO PDFs. Here we take two as examples: CTEQ6L [19] and 
NNPDF3.0(LO) [20]. One may expect naively that S(x, Q 2)/Q (x, Q 2) from these approaches should be all consistent with each other. 
However our analyses shows otherwise. As a matter of fact, from Fig. 3, one ﬁnds that the results of S(x, Q 2)/Q (x, Q 2) derived from 
MπD (x, Q
2) and MKD (x, Q
2) are different from each other. In reaching the results in Fig. 3, the values of Dπ,KQ (Q
2) and Dπ,KS (Q
2) produced 
from NLχQM are employed, because it is able to always make S(x, Q 2)/Q (x, Q 2) positive among the chosen FFs in this study.
For the data taken at the low x and Q 2 values, the S(x, Q 2)/Q (x, Q 2) extracted from MπD are smaller than the ones from M
K
D . 
Interestingly, however, the situation is changed as x and Q 2 increase. The results from MπD decrease, whereas the results from M
K
D are 
very stable and are around 0.5. Only at the data points (D) and (E) (0.3 ≤ x ≤ 0.5), the two results are consistent. They are far away from 
the results directly from the PDFs, either CTQE6L or NNPDF3.0(LO). S(x, Q 2)/Q (x, Q 2) from CTQE6L and NNPDF3.0(LO) are very close to 
each other, but they are much smaller than the ones from charged mesons multiplicities except at data points (H) and (J), where the 
results from the pion multiplicities are quite close to the results from the PDFs. On the contrary, the results from MKD are always larger 
than the one from the PDFs.
In Fig. 4, we present similar analyses using Dπ,KQ (Q
2) and Dπ,KS (Q
2) from the LO and NLO DSS parametrizations. It is found that 
S(x, Q 2)/Q (x, Q 2) extracted form MKD become quite close to the values from CTEQ6L and NNPDF3.0. After a close look, one realizes that 
the values of S(x, Q 2)/Q (x, Q 2) from MKD are still larger than the PDF results. Remember that D
K
S of the DSS parametrizations, both at 
LO and NLO, are signiﬁcantly larger than others. Since MKD (x) is related to S(x) by the product S(x, Q
2)DKS (Q
2), consequently, S(x, Q 2)
will increase if DK (Q 2) decreases, and vice versa. This explains why the S(x, Q 2)/Q (x, Q 2) from MK with the NLχQM value for DK is S D S
400 D.-J. Yang et al. / Physics Letters B 755 (2016) 393–402Fig. 3. S(x, Q 2)/Q (x, Q 2) extracted from CTEQ6L, NNPDF(LO) and the results of S(x, Q 2)/Q (x, Q 2) from HERMES data of MπD and M
K
D with the D
π,K
Q and D
π,K
S from the 
nonlocal chiral-quark model.
Fig. 4. S(x, Q 2)/Q (x, Q 2) extracted from CTEQ6L, NNPDF(LO) and the results of S(x, Q 2)/Q (x, Q 2) from HERMES data of MπD and M
K
D with the D
π,K
Q and D
π,K
S from DSS 
LO (left) and NLO (right) parametrizations.
Fig. 5. S(x, Q 2)/Q (x, Q 2) extracted from CTEQ6L, NNPDF(LO) and the results of S(x, Q 2)/Q (x, Q 2) from HERMES data of MπD and M
K
D with the D
π,K
Q and D
π,K
S from HKNS 
LO (left) and NLO (right) parametrizations.
much larger than the ones with the DSS values, because the NLχQM value of DKS is only about 0.8 but the DSS ones are around 1.2 (LO) 
or 1.1 (NLO). Moreover, one needs even larger values for DKS (Q
2) to reproduce the values of CTEQ6L and NNPDF3.0. On the other hands, 
due to the fact that they are not always positive, one cannot extract S(x, Q 2)/Q (x, Q 2) from MπD with the DSS values of D
π
Q ,S at every 
data points. One ﬁnds that the extracted S(x, Q 2)/Q (x, Q 2) from MπD with the DSS values are negative at several data points such as (A) 
even taking the uncertainty into consideration.
Next, we turn to the case of the HKNS parametrizations. Let us ﬁrst take a look of the left panel of Fig. 5, in which S(x, Q 2)/Q (x, Q 2)
are extracted from Mπ,KD with the LO HKNS values of D
π
Q (Q
2) and DπS (Q
2) as inputs. The results from MπD (x, Q
2) are positive with 
enormous magnitude. On the other hand, the result remains positive but much smaller, when the NLO HKNS DπQ (Q
2) and DπS (Q
2) are 
used. Unfortunately, the enormous uncertainties of the extracted S(x, Q 2)/Q (x, Q 2) make such extractions meaningless.
We conclude that, in the LO QCD analysis and with the Dπ,KQ ,S (Q
2) of the FFs chosen in our study, there is inconsistency between 
S(x, Q 2)/Q (x, Q 2) derived from the pion and kaon multiplicity data. Moreover, even if the same data set of Mπ,KD (x, Q
2) is used, the 
generated S(x, Q 2)/Q (x, Q 2) from various employed FFs are different from each other. It means that the extraction of the strange-quark 
PDF from the charged hadron multiplicities of SIDIS depends strongly on the choice of the FFs. Such uncertainty should be taken into 
account in the extraction of S(x, Q 2) as conducted in [5].
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The values of DπQ , D
π
S , D
K
Q , and D
K
S , ﬁtted from HERMES charged pion multiplicities with certain PDFs as inputs.
FF Data CTEQ6L [19] NNPDF3.0 (LO) [20] NNPDF3.0 (NLO) [20]
DπQ A-J 2.811 3.188 2.348
DπS A-J 11.167 16.928 23.751
DKQ A-J 0.350 0.448 0.250
DKS A-J 2.751 4.261 5.733
DπQ E-J 3.314 3.303 3.292
DπS E-J 3.543 5.701 4.474
DKQ E-J 0.526 0.542 0.522
DKS E-J 0.106 −0.422 0.166
5. Charged meson multiplicities and parton distribution functions
In previous section, we ﬁnd that the values of S(x, Q 2)/Q (x, Q 2) directly taken from CTEQ6L and NNPDF3.0(LO) differ from the ones 
extracted from the HERMES data signiﬁcantly. Because of this discrepancy, naturally we would like to see with which values of Dπ,KQ (Q
2)
and Dπ,KS (Q
2) one can arrive at consistent results. From Tables 3 and 6, we notice that the variations of Dπ,KQ (Q
2) and Dπ,KS (Q
2) with 
respect to the change of Q 2 are very mild. With this observation as well as the assumption that Dπ,KQ (Q
2) and Dπ,KS (Q
2) are constants, 
then we ﬁnd
MπD (x, Q
2) ≈ Q (x, Q
2)DπQ + S(x, Q 2)DπS
5Q (x, Q 2) + 2S(x, Q 2) , M
K
D (x, Q
2) ≈ Q (x, Q
2)DKQ + S(x, Q 2)DKS
5Q (x, Q 2) + 2S(x, Q 2) . (15)
Thus, one can determine Dπ,KQ and D
π,K
S from the data of M
π
D (x, Q
2) and MKD (x, Q
2) by ﬁtting the values of S(x, Q 2) and Q (x, Q 2) taken 
from certain parametrizations of PDFs. The numbers in Table 3 and Table 6 together with the results of this ﬁt may shed some light in 
understanding the puzzle and explaining why the values of S(x, Q 2)/Q (x, Q 2) extracted from MπD and M
K
D in the previous section are so 
different from the ones directly from the PDFs. This analysis is based on the LO QCD formula such that one should choose only the LO 
PDFs. Nevertheless we still present the result of NNPDF3.0(NLO) for comparison.
Let us focus the pion case ﬁrst. It is a surprise to ﬁnd that the ﬁt values of DπS are enormous in both cases of CTEQ6L and NNPDF3.0(LO) 
parametrizations. In other words, in order to explain the data of HERMES pion multiplicity with CTEQ6L or NNPDF3.0(LO), one needs to put 
DπS  DπQ . However, as we have mentioned already in Section 2, DπQ should be far more larger than DπS , since DπQ contains the integrals 
of the favoured fragmentation functions Dπ
+
u (z, Q
2) and Dπ
−
d (z, Q
2). From Table 3 one sees that DπQ (Q
2) are indeed much larger than 
DπS (Q
2) in magnitudes. That is the reason why the derived S(x, Q 2)/Q (x, Q 2) from MπD (x, Q
2) are so different from the PDF values. 
More careful comparison shows that DπQ in Table 3 are all larger than the ﬁt values of D
π
Q shown in Table 9. On the contrary, all D
π
S
in Table 3 are all smaller than the ﬁt values of DπS by one order of magnitude. Hence, one expects that the values of S(x, Q
2)/Q (x, Q 2)
extracted from the HERMES pion multiplicity with the values of DπQ (Q
2) and DπS (Q
2) from Table 3 are much larger than those from 
CTEQ6L and NNPDF3.0(LO). This has been veriﬁed in Fig. 3, Fig. 4, and Fig. 5.
Next, for the kaon case, we ﬁnd the ﬁt values of DKS are signiﬁcantly larger than the values listed in Table 3. The ﬁt values of D
K
Q are 
close to those produced from the DSS Parametrizations and NLχQM. As a matter of fact, the DSS parametrizations generate the largest 
values of DKS (Q
2) among our choices of the FFs, but their values are still less than half of the ﬁt values shown in Table 9. Since MKD is 
related to DKS by the product of D
K
S and S(x, Q
2), therefore, S(x, Q 2) extracted from HERMES kaon data are always too large compared 
with those from CTEQ6L and NNPDF3.0(LO). The values of DKS from NLχQM are smaller than the DSS ones, consequently the resultant 
S(x, Q 2)/Q (x, Q 2) is larger than that of DSS. This fact is transparent by taking a closer look to Figs. 3 and 4.
We also try to carry out the ﬁt using only the data points with Q 2 ≥ 2 GeV2. The results of DπQ and DKQ do not change much. On the 
other hand, the values of DπS become much smaller. However, even when only the data points of Q
2 ≥ 2 GeV2 are used, DπS is still larger 
than DπQ . Furthermore we ﬁnd D
K
S also becomes smaller. In particular, in the case of NNPDF3.0 (LO) D
K
S even turns out to be negative!
Our result suggests that HERMES pion data are unlikely to be compatible with CTEQ6L and NNPDF3.0(LO) parametrizations within the 
framework of LO QCD analysis. It is anticipated that this scenario persists for other FFs than those used in our study. This is because the 
favoured FFs are deﬁnitely larger than the unfavoured ones, hence no FF would give DπS  DπQ . It is interesting to see whether the situation 
will be changed if other PDFs are adopted. We also ﬁnd that to reproduce the HERMES data of MKD with CTEQ6L or NNPDF3.0(LO), one 
needs large DKS and small D
K
Q . Furthermore, none of our chosen FFs would really match this criteria although the DSS parametrizations 
seem to be the most promising ones since they are at the edge of the allowed region.
6. Summary
In summary, we used the HERMES SIDIS multiplicity data MπD and M
K
D to derive conditions on the FFs and ﬁnd that only the NLχQM 
strictly and constantly satisﬁes those conditions among all publicly available FFs. The preferred regions of favoured Dπ,KQ and D
π,K
S should 
meet the inequalities DπQ  DKQ and DKS  DKQ . This is consistent with the naive expectation from the suppression of non-strange quark 
(u) fragmentation into K+ (us¯) because of the production of s¯s pair. Furthermore, we have shown that there exists inconsistency between 
the results of S(x, Q 2)/Q (x, Q 2) extracted from the HERMES data of charged pion and kaon multiplicities, if we use the FFs of NLχQM. 
We also ﬁnd that the HERMES pion data are unlikely to be compatible with the CTEQ6L and NNPDF3.0 PDFs even without referring to 
any speciﬁc FFs. Our current study in this article is based on two assumptions: 1) the leading order QCD formula for the multiplicity 
402 D.-J. Yang et al. / Physics Letters B 755 (2016) 393–402and 2) isospin symmetric nucleon PDFs. To go beyond these two assumptions, it is necessary to extend our analysis substantially and the 
result will be reported elsewhere.
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